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Undoped, semiconducting single, n-type, InSb crystals 
~ere used to study the different etching behavior of the 
inverse {111} planes, to determine the apparent electron 
number of InSb under anodic dissolution (which corresponds 
to the sum of the absolute values of the oxidation numbers) 
and to investigate whether or not the inverse {111} planes 
show potential differences. 
The In {111} , Sb {Ill} , {110} and {100} faces were 
highly polished, etched and immersed in various acidic 
solutions. Several new etch patterns of the inverse- {llD 
faces were observed giving other possibilities to distin-
guish both of these planes. The significant differences in 
potentials between the inverse {111} faces are exhibited in 
some acidic solutions. The potential of Sb {111} is always 
less noble than that of In{llU. The addition of oxidizing 
or reducing agents does no't shift the sequence in potentials 
of the inverse {111} faces within at least a certain ranee 
of current density. 
The apparent electron number of InSb dissolving 
anodically in ac\dic solutions is close to 6 at low current 
densities. The deviation from the value of 6, for InSb 
dissolving anodically in 2 N HCl at current densities 
higher than ~l~O ma/cm2 , is found to be due to surface 
disintegration after a dark protective film (mainly 
Sb4o5cl2 ) is formed on the surface of the specimen. Sb 
particles, colloidal in origin and embedded in this 
corrosion product, are responsible for the dark color. 
It is also found that the dissolution potentials of 
the inverse {111} faces of InSb are much closer to that 
of metallic Sb than to metallic In, indicating that the 
latter undergoes a larger chemical change during the 
InSb formation than Sb. 
From the observed Tafel behavior and the calculated 
activation energies of InSb undergoing anodic dissolution 
in 2 N HCl, within the current density range of ~3 X 10-2 
to ~30 ma/cm2 , it is concluded that the rate determining 
step is a one electron discharge and is the same on all 
four low-indexed crystallographic planes. 
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Io INTRODUCTION 
InSb is a III-V intermetallic compound with a cubic 
zinc-blende structure which is noncentrosymmetric. Such 
crystals (without a symmetry) are polarr the polarity shows 
up through differences in chemical and physical behavior of 
the inverse planes of the respective crystals. 
1 
Reports have been made in the literature that the 
various crystal planes react differently in aqueous media, 
such that the III{lll} and V{llU inverse planes can be 
distinguished by the development of specific etch p~tterns. 
However, there are major disagreements especially concerning 
whether or not there is a significant difference of the 
electrode potential between the two inverse {111} faces. 
The intention of the present investigation was to use 
high purity InSb crystals and try to establish mainlys (1) 
the different,_etching behavior between the inverse {111} 
faces in order to develop some new etch patterns for iden-
tifying the inverse {111} planes and also to prove that 
polarity does exist in the ~1~ direction, (2) the charge 
of cations going into solution in order to have some clarity 
regarding anodic dissolution reactions, and {J) the elec-
trode potentials exhibited in various solutions by the inverse 
{111} faces and also by the {110} and ~00} planes in order 
to see whether or not the potentials relate to the orien-
tation of the single crystals. 
2 
II. LITERATURE REVIEW 
This literature review on semiconducting InSb single 
crystals is divided into three parts• (1) crystal structure 
and surface characteristics, (2) chemical and anodic etching, 
and (3) anodic dissolution and the relationship between the 
current density and potential. 
A. Crystal Structure and Surface Characteristics 
Atoms from group IliA of the periodic table combine 
with atoms from VA to form cubic semiconducting compounds 
of diamond structure called "III-V compounds". They- may be 
considered as chemical compounds with very close to lsl 
atomic ratios between the III and V atoms, which occupy 
alternate sites in the crystal lattice. For example, if we 
melt a mixture o_f indium and antimony, the compound InSb is 
formed,· and, upon solidification any excess of either consti-
tuent appears as a second phase. 
III atoms have one valence electron less, and V atoms 
one electron more than those atoms of the group IV of the 
periodic table which form semiconducting crystals such as 
diamond, germanium, silicon and grey tin. III-V compounds 
have, therefore, the same average number of electrons per 
atom as the group IV semiconductors, and it is found that 
the former indeed have a crystal structure and electronic 
properties which are in many respects similar to those of 
the group IV semiconductors. Nevertheless, III-V compounds 
possess characteristic properties which distinguish them 
from the group IV semiconductors. These differences arise 
chiefly from the fact that the compound crystals have a 
lower symmetry than the group IV semiconductors. The latter 
possess covalently bound neutral atoms, whereas the III-V 
compounds contain in part, positive and negative ions at 
the lattice sites. Though III-V crystals have a structure 
similar to that of diamond, there are two kinds of atoms in 
the unit cell. Nevertheless the compounds sometime show a 
simpler behavior than the m0natomic group IV semiconductors. 
There are two types of semiconductors, n- and p-type. 
The term "n-type" is used to describe material in which 
there are more conductive electrons than holes, and p-type 
to describe material with more holes than electrons1 >. Most 
engineering applications of semiconductors involve pure 
semiconductor materials (the impurity content is generally 
less than 1 p.p.m.) which have been doped with specific 
impurities to produce higher conductivity2 >. 
J 
Nearly all the III-V compounds crystallize in an arrange-
ment where each atom is at the center of a regular tetra-
hedron with the other kind of atoms at the corners. These 
tetradra can be arranged in the cubic "zinc-blende" and the 
hexagonal "wurzi te••* structures. The cubic zinc-blende 
structure is identical to that of diamond except that the two 
different kinds of atoms occupy alternate positions in the 
lattice. Each of the III and V atoms lie on a separate 
face-centered-cubic sub-lattice, displaced relative to each 
*In some articles the word ••wurtzi te~ is used. 
other by one quarter of the body diagonal of the cube. The 
wurzite structure is similar to zinc-blende except that 
alternate {111} layers are rotated through 180°C above the 
{111} axis, giving a structure of hexagonal symmetryJ>. 
4 
Because of the lack of a symmetry center the (III] 
directions form polar axes, and there is a distinction 
between (III) and [!!!) directions. There is also a dis-
tinction between {111} and {111} faces of a crystal. If we 
define the direction from a III atom to a neighboring V atom 
as the (11~ direction, and from V to III atom as the ~i~ 
direction, we may consider a crystal bounded by {lll} faces 
and define {111} and {Ill} faces as followsc a {111} face is 
that face which is crossed perpendicularly, going from the 
inside to the outside of the crystal, by motion along a (11~ 
direction. Coversely a {iii} face is crossed by motion along 
a (II~ ·direction. Fig. 1 shows that a zinc-blende structure 
III-V crystal viewed perpendicularly to a (111) direction 
appears as a series of double layers of III and V atoms. 
We see that {111} faces contain either III atoms held to neigh-
boring atoms of the other kind by three bonds or V atoms 
held by only on~ bond. On a {Ill} plane the binding of the 
two kinds of atoms is reversed. It is probable that the 
{111} crystal surfaces are made up of atoms triply bonded to 
neighboring atoms of the other kind, so that {111} faces 
consist of III atoms and {Ill} faces of V atoms4 >. For such 
a structure the (111) (or (lllj ) direction is known as the 
polar axis. 
~ 




F i g o 1 
Zinc - blcnde crys tal structure . The bonds joining neigh-
borine unlike lie alone the ~1~ d irections . Lines 
joining nearest like atoms lie along ~1~ directions . 
(Picture from the frontispiece of "Semiconduct i ng III - V 
Co:npounds " b,y C. 1~ ilsum and A. C. Rose- Innes . Pergamon 
Press , New York , Oxford , London , Par i s . 1961 ) , 
5 
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In principle {111} and {III} faces can be distinguished 
either by X-ray measurements or by chemical or anodic 
etching5). Once X-ray measurements and etch pit observations 
have been correlated for a certain compound, the methods may 
be used to distinguish between {111} and {Ill} faces of other 
samples of the same compound. Warekois and Metzgen5), White 
and Roth6 ) and Gatos and Lavine?) observed that, with 
etchants containing oxidizing agents, dislocation pits are 
produced on the ~11} but not on the inverse {Ill} faces of 
semiconducting III-V compounds single crystals, such as 
InSb, GaSb, AlSb, GaAs, InAs and InP. Dewald8 ) reported in 
1957 that, at low electric field, the rates of oxidation 
of the {111} and {iii} faces of InSb in a KOH electrolyte are 
quite different, a result of the different binding of the 
atoms to the neighboring ones in the lattice on these two 
faces. In 1960 Gatos et. al.9) observed again that crystals 
of InSb grow more easily along the ~IU direction than 
along the (111). They suggested that this preferential 
growth and the formation of etch pits on {111} faces only 
is a result of differential reactivity of the atoms on the 
{111} inverse faces. 
B. Chemical and Anodic Etching 
The most common semiconductor materials--germanium, 
silicon, and III-V intermetallic compounds--are brittle. 
Wafers are normally cut and polished with abrasive materials. 
As a result, a layer with a disrupted crystal structure and 
with a large number of defects and dislocations is formed 
close to the surface. Either chemical or anodic etching is 
used to removed this layer with the distorted structure. 
Chemical etching is a dissolution of the surface layer 
with an etchant without the passage of an electric current. 
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The name "chemical etching" can not be regarded as well-chosen, 
because this process has often an electrochemical nature. 
Upon etching, oxidation occurs and the overall equation of 
the process has the form 
M + X 
whe~e M+ (cation) is the oxidized form of M (atoms of the 
semiconductors) and X is the oxidant, changing to x- afte~ 
the reaction. 
Many different etching agents have been described in 
the literature7• 10 •11 •12 ). Most contain nitric, hydrofluoric, 
acetic acids and hydrogen peroxide in various combinations 
with small amounts of iodine, bromine, and some metallic 
sal ts1 3). 
The III-V semiconductors, with the zinc-blende type of 
crystal structure, have generally similar growth and etching 
characteristics as compared with diamond-type semiconductors. 
Generally the "Ga" and "In" {111} faces normally show pits, 
while the "As" and "Sb" {III} faces do not. It was shown 
that the Group III and Group V {111} faces behave similarly 
in all other III-V compounds7). Faust and Sagar10 ), Lavine, 
Gatos and Finnll) have also shown that most etchants etch 
Sb {Iii} faster than In {111} faces and, therefore, produce 
pits only at dislocation sites on In {111}. Inhibitors can 
slow down attack on Sb {111} 14 >. 
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In anodic etching both the current and the etching time 
can be readily controlled, the electrolytic treatment is 
obviously more flexible. This is a great advantage as 
compared to the chemical process. The cleanliness of elec-
trolytic etching results from the fact that it produces 
soluble products (choosing the respective electrolytes) 
and therefore no residue is left on the surface. Anodic 
etching can be used to locate crystallographic directions, 
to bring out junctions, to expose crystal imperfections or 
inhomogeneous distributions of impurities1 5). 
Electropolishing is also a kind of electrolytic treat-
ment for removing damaged material from the surface of the 
crystal. The main difference between anodic etching and 
electropolishing is that in the former usually a smaller 
current density js used than for the latter. InSb has been 
electropolished by Dewald8 ) in a solution containing 10 
parts of HC104 , 40 parts of acetic anhydride, and 2 parts 
of water used at 5°C at a current density of 50 ma/cm2 • 
A black oxide film resulted, which spalled off in water. 
In this way a mirror-bright surface was obtained. 
c. Anodic Dissolution and the Relationship Between the 
Current Density and Potential 
All anodic processes on metal or semiconductor elec-
trode are oxidation reactions. The reaction may involve 
dissolution of the electrode material or oxidation of ions 
in solution. This principle applies to anodes in electro-
lytic cell where current is forced t~rough the cell 
b,y an external power source, e.g. battery~ Under 
certain conditions, anodic films may be formed which can 
grow to a considerable thickness provided that there is 
an adequate rate of ionic conduction through the film16 >. 
The chemical and anodic dissolution reactions of 
III-V semiconductors have been studied by Gatos et al,?,l4 ), 
Pleskovl?), GerischerlB,l9), Dewald8 ), Harvey20 ) and 
Straumanis et a1. 21 ). DewaldB) reported that at low 
electric fields the rates of oxidation of the {111} and 
{III} faces of InSb in a KOH electrolyte are quite differ-
ent. He also investigated the anodic film formation on 
single crystal InSb, He found that metallic oxides of 
unspecified composition were contained in the anodic film, 
Gatos et al.?) reported significant differences in electrode 
potential (75 mv or greater) between the two inverse {111} 
faces in various etching media in the vicinity of o0 c. 
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In addition, the electrode of In{lll} was always more noble 
than that of Sb{III}, consistent with the rate measurements 22 >. 
Harvey20 ) found that the anodic dissolution reaction of GaAs 
proceeded quantitatively in well-stirred solutions of KOH and 
HCl04 with the formation of soluble GaJ+ and AsJ+ compounds. 
He reported no potential difference between the two inverse 
GaAs{lll} faces, but examination of his data reveals that 
the anodic potentials on Ga{lll} are more noble than on 
As {lll}, at least up to to current densities of 50 ma/cm2 • 
Straumanis et a1, 21 ) found definitely that in 1 N KOH 
electrolyte the Ga{ll~ face has a nobler rest and anodic 
potential than the As{III}, and the anodic potentials of the 
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{110} and {100} planes lie in between those of the {111} 
planes. On the contrary, GerischerlB,l9) found no difference 
either in dissolution rates or in the current density-
potential curves. 
III. MICROSCOPIC STUDIES OF InSb SINGLE CRYSTALS 
A. Materials 
The single InSb crystals were obtained from the 
Monsanto Company (St. Louis, Mo.). They were grown in the 
(11~ direction by the Czochralski or the gradient-freeze 
technique. They were of the n-type with no dopants. The 
impurity level was less than 1 p.p.mo The other specifi-
cations are as follows: 
Face Carrier Con- Mobility Resistivity Etch Pit 
Orientation centration Density 
atoms/c.c. 2 em/volt-sec ohm-em EP/cm 2 
{111} 8 X 101 .5 1.7 x- 1o5 o.oo.s 670 
{110} & {100} 4.1 X 1014 .5.~ X 10.5 o.oJ 770 
B. Apparatus and Procedure 
Two different sizes of wafers, ~s and -12 mm in dia-
meter, and N2 mm thick, were cut from the single crystal 
rod with a wire-blade slicer using a SiC slurry. The 
orientation of the faces of these wafers was checked by 
means of'Laue back-reflection patterns. The plane was 
aligned normally to the X-ray beam. The {111} plane could 
be recognized from the .3-fold symmetry of the Laue back-
reflection patterns. The {110} or {100} planes showed a 
2-fold or 4-fold symmetry respectively. If there were 
deviations from one of the faces mentioned, the respective 
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surface planes were so adjusted by sucessive grinding of 
the wafers at a certain angle with fine SiC paper, wetted 
with distilled water, so that the desired orientation 
appeared on the Laue patterns. 
The damaged surface layer and the scratches present 
on the wafers were removed mechanically by grinding on 
600 grit SiC paper and then by polishing on silk cloth, 
first with 3 micron SiC slurry then with 0.05 micron gamma 
polishing alumina. After these polishing procedures, the 
wafers had a mirror-like appearance (Fig. 2). In order to 
remove all the remaining mechanical surface irregularities, 
a chemical polisher, modified CP-48 •14 ) (2 cone. HNo3 + 
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1 cone. HF + 1 glacial CH3COOH, in parts by volume), was 
used. The etching time was around 2 seconds depending on the 
temperature and the condition of the surface area. After 
this treatment the wafers were immediately transferred into 
the mixture of dilute aqueous tartaric acid and dilute 
nitric acid to prevent formation of a surface film. Finally 
the wafers were rinsed in distilled water and dried with 
acetone. Thus the surfaces were considered to be flat 
although slightly undulating2 3) as observed under the inter-
ference microscope (Fig. 3). After that the wafers were 
etched chemically by immersing them into a specific etchant 
for a certain time. Then after immediate rinsing in distilled 
water and drying with acetone, the wafers were ready for 
microscopic observation. 
In anodic dissolution a good ohmic contact is of 
importance . The rough , unpolished side of the wafer was 
used to make such a contact by pressing a Pt foil to the 
wafer in a Teflon electrode holder (Fig. 4). Teflon does 
not . dissolve in acids and repels water . The cap of th~ 
Teflon electrode holder was sealed with a small amount of 
lJ 
vaseline to prevent any electrolyte leaking into the holder . 
The pressure of the screw cap against the wafer was 
equalized by the use of an 0-ring below the Pt foil. Thus 
only one side of the wafer was exposed to the electr olyte . 
Fig. 2 
The interference rings show 
that the InSb wafer is highly 
polished . _l65X . 
Fig. J 
Dis t or tion exhibited by 
mechanical polished wafer 





--InSb electrode, cross section. 1. Teflon screw cap; 





1. The determination of the inverse InSb{llD planes by 
chemical etching. A mark was placed on one face of the 
wafer with parallel {111} plane to distinguish this face from 
the ocher one. Both faces were etched anew by the modified 
CP-4 for 5 sec at about 25°C. The etch patterns are shown 
in Fig. 5 and 6, and it can be seen that they differ from 
each other. 
Warekois and Metzga5) using the X~ray technique of 
White and Roth6 ) showed that for InAs, pits were produced 
' 
on the {111} surface, containing In atoms on the surface. 
Once X-ray pictures and etch formation have been correlated 
for similar compounds, the etch patterns may be used to 
distinguish between {111} and {Ill} faces of other samples 
of III-V compounds of the same structure. It has been shown 
that in etchants containing oxidizing agents, pits are· 
produced on the III-faces of III-V compounds but not on the 
V-faces. Examples are InSb, GaSb, AlSb, GaAs and InP5• 6 •7>. 
Thus, from these three papers and from the present results 
which are shown in Fig. 5 and 6, it is evident that the 
In{lll} face is that on which conical etch pits are developed 
(Fig. 5 a and b). The other {111} face which does not 
produce pits and is shown in Fig. 6, is hence defined as 
Sb {111} face. 
a b 
Fig. 5 
Etch patterns of an I nSb {lll} face , defined as In{lll}. 
Etchant s modified CP- 4 ; 5 sec ; 25°C . 
a . 970X ; b . 200X . 
Figo 6 -
Etch pattern of an InSb{lll} 
face , defined as Sb{lil} . 
Etchants modified CP- 4 ; 5 sec; 
25°C . 970X . 
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2 . The microscopic observation of etch patterns on the 
inverse InSb {lll} planes by chemical etching in other 
etchants . Since the inverse InSb {lll} planes can now be 
identified , the etch figures on the two £aces obtained with 
other etchants are as follows . 
a . The etch patterns on the In{lll) face produced 
by the HC1-Fe3+ etchant are sh~wn in Fig. 7 a and b . 
a b 
Fig. 7 
Etch patterns on In{lll} produced by : a . 6 ~ N HCl-0 . 2 N Fe3+ , 
20 ·min ; 80°C ; 970X . b . 2 N HCl- 0 . 5 N Fe)+; 24 hr; 25°C ; 90X . 
b . The etch pattern on the Sb.{lll} face in the same 
etchant . Hexagonal etch pits are formed as can be seen in 
Figo 8o 
Fig . 8 
Etch pattern on Sb {lll} . 
Etchant : 6 N HCl- 0 . 2 N FeJ+; 
20 min; 8o0 c . 970X . 
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c . The HN0 3- HF etchant (cone . HN03-48% HF in parts 
by volume) produces on the In {lll} face round etch pits. 
(Fig. 9 a and b) . 
a b 
Fig. 9 
Etch patterns on In{lll} . Etchant : HN03-HF ; 25°C . a . 146X; 
b . 405X . 
d . The same etchant forms triangular etch p its on 
Sb {Ill) (Fig . 10) . 
Fig. 10 
Etch pattern on Sb {Ill} • 
E 15 25°C. tchant : HN03- HF ; sec , 
405X . 
3 . Etch pa tterns on the inve rse InS b {111} planes 
obtaine d by anodic etching in some ac ids, 
a . Anodic etching of _the In{lll} face in a queous 
2 N HCl leads to round- shaped or round triangular e tch 
pits (Fig, 11 a and b) . It seems that the etch pits grow in 
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size and finally merge into each other . This agrees with the 
o bservation of Gatos and Lavine7 >, who used the HC1-Fe3+ 
etchant for the In {lll) faces . 
a b 
Fig, 11 
In{lll} face etched anodically in 2 N HUl: 10 ma/cm2 r 
a , 15 min ; 90X; b . 45 min ; 405X . 
b, As a result of anodic etching of the Sb{III) 
face in the same acid , fairly regular triangular etch pits 
are formed (Fig . 12 a) , some of them developing etch pits 




Sb{lli} face etched anodically in 
2 N HCl; 10 ma/cm2 • a . 500X ; 
b . 970X . 
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c . Anodic etching of the In{lll} face in an 
aqueous solution of a mixture of 1 N HN0 3 and 1 N H2c4H4o6 
leads to round-shaped etch pits . Some o f them appear 
separately , some in twins or in groups (Pig . 13 a , band c) , 
The etch p its in this solution appear clearer than those 
in 2 N HCl , which may be explained by the easier solubility 
of Sb in this solution rather t han in pure HC l. 
a 




Fig . lJ 
In{lll} face etched anodically in 1 N HNOJ-
1 N H2c4H4o6 ; 10 ma/cm
2 ; 60 min . 
a. a separate etch pit ; 200X. 
b . a twin etch p i ts ; 500X . 
c . a group of etch pits ; 500X . 
d . Anodic etching of the Sb{lll} face in the same 
etchant produces triangular etch pits (Fig . 14) , similar to 
those observ ed in a queous 2 N HCl (Fig . 12) . 
l'"' i g . 14 
Sb {lli} face etched anodically in 1 N HNOJ-
1 N H2c4H4o6 ; 10 ma/cm
2 ; 60 min . 500X. 
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4 . Etch pattern on the In {lll} face obtained anodically 
in 2 N HCl and then etched chemically with HCl - FeJ+ etchant . 
Anodic etching of In {lll} in aqueous 2 N HCl leads t o round-
shaped etch pits (Fig , 11) , This surface was etched again 
chemically with the HCl- FeJ+ etchant , and as the result the 
triangle- like pattern (of Fig , 7) was superimposed• now the 
walls of the deep etch pits (Fig. 11) were covered with 
triangular steps (Fig . 15 a and b) . This proves that the 
In {lll} face, which develops round-shaped etch pits under 
anodic c urrent , does develop triangle- like etch pits on the 
same surface from chemical etching with the HCl - FeJ+ etchant . 
The Sb{Iii} face was usually rough after anodic etching , 
therefore if it was etched a gain chemically with the 
HCl- FeJ+ etchant , no clear superimposed pattern was observed , 
a b 
Fig . 15 
In {lll} face etched anodically (2 N HCl ; 10 ma/cm2 ) 
and then chemically (6.N HCl - 0 , 2 N Fe3+) ; 20 min ; 
25°C , a , 90Xa b , 200X . 
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IV. THE DETERMINATION OF THE ELECTRON NUMBER OF THE ANODIC 
DISSOLUTION REACTION FOR InSb SINGLE CRYSTALS 
A. Materials 
The materials were the same as described in Section III. 
B. Apparatus and Procedure 
If one wishes to have some clarity regarding anodic 
dissolution reactions a very important point is the knowledge 
of the charge of the cations going into solution. It is not 
so self evident what the valencies of In and Sb ions of InSb 
are undergoing anodic dissolution. The apparatus used for 
the purpose of charge or electron number determination of 
an InSb single crystal anode has been described in Section 
III: a platinized-platinum cathode was arranged in series 
with a sensitive milliammeter, a millirecorder, a power 
source, which was a 12-volt storage battery, and a decade 
type of power resistor. The list of apparatus used in this 
study is given in Appendix B, and the sketch of the arran-
gement in Fig. 16. (The calomel electrode and the potentio-
meter, for the purpose of potential measurements, were not 
connected here). The time was measured with a second-timer. 
Approximately 200 milliliters of electrolyte were trans-
ferred into the cell which remained in the water bath for 
about JO minutes to bring the system to constant tempera-
ture before starting a run. Then the InSb single crystal 
anode with a known exposed area and the platinum cathode 
were put into the cell and connected with external current. 
J 
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N 
ffi 0 0 
0 
A - InSb anode 
B - Pt cathode 
C - Electrolytic 
cell . 
D - Thermometer 
E - Nitrogen inlet 
F - Nitrogen outlets 
G - Caplillary tube 
H - Salt bridge 
I - Calomel electrode 
J - Multirecorder 
K - Milliammeter 
L - Power resistor 
M -·storage battery 
N - Potentiometer 
0 - Knife-blade 
switch 
P - Knife-blade 
heater 
Q - Mercury 
thermoregulator 
R - Water bath 
stirrer 
·S - Relay switch 
T - 115 volt 
A.c. source 
·U - Cooling water 
inlet 
V - Cooling water 
outlet 
Fig. 16. Sketch of the apparatus used for potential measurements or electron number 




The electrolyte was purged by prepuried nitrogen gas. 
The flowing gases stirred the electrolyte during the experi-
ment. At the end of each run, the InSb single crystal was 
removed from the anode, rinsed in distilled water and then 
acetone, and dried to constant weight in a dessicator. 
Finally the weight loss was determined. 
Since the single crystal during the run dissolved not 
only anodically but also showed some self-dissolution 
(chemical reaction), the rate of the latter reaction in 
various aqueous solutions was determined separately by 
the weight loss method. The apparatus was essentially the 
same as described before except that no anodic current 
was passed and only the InSb single crystal electrode was 
placed into the cell for 24 hours or longer. The weight 
losses found are_ shown in Table I. In 2 N HCl no detec-
table weight loss occurred. In 1 N HN03-l N H2C4H406, 
2 N HCl-0.005 N FeJ+ and 2 N HCl-0.01 N FeJ+, the self-
dissolution rates were very small compared to the anodic 
dissolution rates. Therefore, for the apparent electron 
number measurements, the very small amount of the weight 
loss due to self-dissolution was neglected. 
The apparent electron number which corresponds to 
the sum of the absolute values of the oxidation number 
of both In and Sb was calculated from the expression: 
v = F W-w) (1) 
where, 
I the current in amperes, 
t - the tine in seconds, 
A - the n~olccular weight of InSb = 236.57 g, 
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F - Faraday's constant = 96,500 coulonbs/g equival 8 nt, 
~ - the wei~ht loss oD the electrod · ~ ~ .e 1n gra~s, 
w the weiGht loss of the electrode in grams due to 
self-dissolution. 
I:f the value of VI is small as cor:1pared to the value 
of VT, the weight .,.., can be neglected. There results only a 
. 
very small deviation of the value V, and Equation (1) 
becomes 
C. Results 
v = ItA FW (2) 
1. Self-dissolution rates of InSb in various electro-
Jytes. The rates are shown in Table I. 
2. Apparent electron number of InSb in various elec-
troivtes. 
a. In 2 N HCl. The InSb electrode was c.nodically 
d1ssolved in a 2 N HCl electrolyte. The current densities 
were adjusted from -1 to "'90 ma/cm2 for both inverse {111} 
planes and also for the {110} and {100} planes. The data 
are sho\~ in Tables II through V and plotted in Fie. 17. 
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TABLE I 
THE WEIGHT LOSS OF InSb ELECTRODE IN VARIOUS ELECTROLYTES 
AT 25°C WITH ZERO EXTERNAL CURRENT APPLIED 
Electrode Electrolyte Time Weight Self-dissolution 
Loss Rate 
(hr) (mg) 2 (mg/cm •24 hrs) 
In {111} 2 N HCl 24 o.oo O.OO* 
~b {111} 2 N HCl 24 o.oo o.OO* 
in {111} 1 N H2c4H4o6- 30 0.05 o.07* 
1 N HN03 
Sb {lll} 1 N H2c4H4o6-
1 N HN03 
30 o.o4 o. 04** 
In {111} 2 N HCl- 45 1.63 1.06** 
0 • .005 N Fe3+ 
Sb {Ill} 2 N HCl- 45 1.51 1.33* 
0.005 N Fe3+ 
In {111} 2 N HCl- 37 2.10 2.25* 
o.ol-N Fe3+ 
Sb {III} 2 N HCl- 37 2.43 2.60* 
o.ol N Fe3+ 
electrode o.6o 2 *Exposed surface area of the = em 
electrode 0.82 2 iHl-Exposed surface area of the = em 
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TABLE II 
THE APPARENT ELECTRON NUMBER OF AN InSb SINGLE CRYSTAL WITH 
THE In {111} FACE IN 2 N HCl AT 25°C 
Time Electrode Current Weight Apparent 
Surface Area Density Loss Electron No. 
(sec) 2 (em ) 2 (ma/cm ) (mg) 
36,ooo o.6o 0.995 8.74 6.08 
6,000 0,82 9.15 18.40 6.oo 
12,300 0.353 9.91 17.62 5.99 
3,6oo 0.353 19.8 10.21 6.05 
3,6oo o.6o 28.9 25.52 6.05 
2,700 0.306 39.2 13.15 6.oo 
3,6oo 0.353 56.6 29.11 6.07 
2,100 0.353 62.4 18.41 6,01 
2,500 o.3o6 71.8 24.74 5.45* 





THE APPARENT ELECTRON NUMBER OF AN InSb SINGLE CRYSTAL WITH 
THE Sb{lli} FACE IN 2 N HCl AT 25°C 
Time Electrode Current Weight Apparent 
Surface Area Density Loss Electron No. 
(sec) 2 (em ) 2 (rna/em ) (mg) 
76,000 o.6o 1.oo 18.64 6.05 
40,000 o.6o 1.35 13.59 5.92 
7,200 0.353 9.91 10.41 5.93 
14,400 o.353 12.05 25.20 5.95 
7,200 0.353 14.2 14.70 6.00 
5,400 0.353 22.6 17.53 6.04 
3,6oo o.3o6 36.o 16.15 6.01 
2,000 0.353 48.2 14.40 5.79* 
1,200 o.6o5 52.9 17.35 5.42* 
2,100 o.3o6 58.8 16.82 5.51* 
1,500 0.353 70.8 16.92 5.43* 





THE APPARENT ELECTRON NUMBER OF AN InSb SINGLE CRYSTAL WITH 
THE {110} FACE IN 2 N HCl AT 25°C 
Time Electrode Current Weight Apparent 
Surface Area Density Loss Electron No. 
(sec) 2 (em ) 2 (rna/em ) (mg)_ 
40,000 o.6o 1.35 13.33 6.03 
12,000 o.6o 4.96 14.54 6. 07 
3,6oo o.6o 9.92 8.73 6.07 
3,6oo 0.353 19.8 10.46 5.91 
1,800 0.353 48.2 12.52 5.99 
1,800 0.353 57.5 17.11 5.42~-
1,200 o.6o 71.1 23.55 5. 37~-





THE APPARENT ELECTRON NUMBER OF AN InS b SINGLE CRYSTAL WI TJI 
THE {100} FACE IN 2 N HCl AT 25°C 
Time Electrode Current Weight Apparent 
Surface Area Density Loss Electron No. 
{s-ec) 2· (em ) ·cma/c'm2} - · · ·emir·· 
46,000 o.6 1.35 15.36 6.02 
9,000 o.6 5.78 12.75 6.o6 
3,6oo 0.353 9.91 5.17 5.97 
3,600 0.353 19.8 10.28 6.01 
2,700 0.353 3'9.6 14.97 6.19 
1,800 0.353 48.2 13.24 5.67* 
1,800 0.353 59.4 17.10 5.42* 
1,200 o.6o 70.3 23.11 5.41* 




o In {111} 






2 Current Density, rna/em 
Fig. 17 
Calculated electron number of InSb single crystals as a 
function of current density of the faces In {111} , Sb {ill} , 
{110} and {100} dissolving anodically in 2 N HCl. 
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From the above measurements (Tables II through V), 
it appears that the apparent electron numbers among the 
anodes of various planes are close to each other. The 
calculated electron numbers of InSb single crystal in 
2 N HCl are close to the value of 6 at current densities 
below "'40 ma/cm2 (for In {111} below "'60 ma/cm2 ), and then 
rapidly decrease to a value of -5.4+0.1 with further 
increasing current densities up to ~90 ma/cm2 • The critical 
current density varies with the plane used as an anode as 
shown in Tables II through V and in Fig. 17. Furthermore, 
' 
the valence number below the critical density is found the 
same for both inverse {111} planes (Table II and III) and 
also for the {110} and {100} planes (Tables IV and V). 
b. In 1 N HN0 3-l N H2~. The InSb electrodes 
were anodically pissolved in this electrolyte at a current 
density of "'10 ma/cm2 • Both inverse {111} planes were used 
as anodes. The data are shown in Table VI, 
·. TABLE VI 
THE APPARENT ELECTRON NUMBER OF InSb SINGLE CRYSTAL IN 
0 1 N HNOJ~l N H2c4H4 o6 AT 25 C 
Face Time Electrode Current \'/eight Apparent 
34 
Surface Area Density Loss Electron No.* 
(sec) 2 (em ) (ma/cm2 ) (mg) 
In {111} J,6oo o.6o 9.91 8.82 6.oo 
Sb {lii} ?,sao O.JSJ 9.91 10.88 5.92 
*Calculated by Equation (2). 
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c. In 2 N HCl with Fe3+ additionQ. The InSb elec-
trode was anodically dissolved in 2 N HCl with an addition 
of 0.005 N Fe3+ at a current density of ~10 ma/crn2 • Both 
of the inverse {111} planes were used for the measurements. 
The data are shown in Table VII. 
TABLE VII 
THE APPARENT ELECTRON NUMBER OF InSb SINGLE CRYSTAL IN 
2 N HCl-0.005 N Fe3+ AT 25°C 
Face Time Electrode Current Weight Apparent 
Surface Area Density Loss Electron No. -l~ 
(sec) 2 (ern ) 2 (rna/em ) (mg) 
. - - .. - . . ~ "' . 
In {111} 3,6oo 0.353 9.91 5.20 5.96 
Sb {III) 7,200 0.353 9.91 10.36 5.98 
*Calculated by Equation (1). 
From the above measurements (Tables VI and VII), it 
2 
appears that at a moderate current density of ~10 rna/em 
·' 
(where no visible anodic film is formed), the apparent elec-
tron number of both inverse {111} faces is close to the 
value of 6. No effect on the apparent electron number is 
found by the small addition of Fe 3+. 
3. Reason for the decline of the valency number at 
increased current densities. The surface of InSb mostly 
turned dark under anodic dissolution in 2 N HCl. Of the 
four faces investigated usually only In{lll} remained 
shiny at current densities lower than ~30 ma/cm2 , although 
etch pits appeared, visible even to the naked eye. 
At current densi t ies higher than ~40 ma/cm 2 a thicker a nd 
continuous b l ack film was observed on th e s urface of the 
anod e for a ll four faces . This film could us ually be 
J6 
r e moved from the crys tal a s oft brush . ~1 icroscopic exami-
n a tion r e v ealed that a section through the flakes , o bta ined 
from either the I n {lll} or t h e Sb {iil} face , consis ted of 
parallel layers as shown in Fig . 18. The side that previously 
stuck to the subs trate (Fig . 19) appeared more even than the 
other s ide (Fig . 20) . Interference colors were o bserved on 
both sides . 
Fig . 18 
Cross s ection of the b l ack film normally 
to its surface . The flakes resulted from 
anod ic dissolution of the In {lll} face 
of InS b in 2 N HCl at 70 ma/cm2 • 97 0X. 
Fig , 19 
A pie ce of black film result-
ing from 2non ic dissolution 
of In {llll of InS b in 2 N HCl 
at 7 0 ma/cm2 • 
Substrate slde , 970X . 
Fig. 20 
The same as in Fig . 19 . 
Electrolyte side . 97 0X . 
The black film collected from the anode , resulting 
f r om anodic dissolution at 70 ma/cm2 for JO minutes , was 
used to make an X- ray diffraction pic ture . The black film 
is colloidal in nature . However , if the black film were 
transferred to a glass tubing , which was then evacuated , 
0 
sealed and heated to J50 C for ~ 2 hours , a clear X- ray 
diffraction p icture was obtainP-d with the powder showing 
many diffraction rines . They coincided with the diffraction 
J 7 
pattern of the grey- colored film which resulted from anodic 
disso lution of pure metallic antimony in 2 N HCl electrolyte 
at Nl5 ma/cm2 for ~1 hour , Therefore , the black film of 
InSb contained in a finely dispersed form is the same 
compound which resulted from anodic dissolution of pure Sb 
in 2 N HCl. To determine the nature of the compound X-ray 
patterns were made of a white powder prepared as followsa 
2 grams of SbC13 (crystals, reagent grade) were dissolved 
in 20 milliliters of 4 N HCl and 20 milliliters of water 
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were added. Hydrolysis occurred and a white turbid solution 
was obtained. The precipitate was separated, dried in a 
vacuum and powdered. Mellor's "A Comprehensive Treatise 
on Inorganic and Theoretical Chemistry" 24 ) states that 
solid SbClJ when dissolves in a large amount of water 
hydrolyzes, forming an oxychloride of the composition 
Sb4o5c12 • A transition from SbOCl to Sb4o5c12 may occur 
in solutions more dilute than 2.5 N HCl. 
The d spacings calculated from the X-ray patterns of 
this oxychloride, identified as Sb4o5c12 , agree with those 
of the vacuum heated black deposit. Since the Sb in the 
oxychloride is trivalent, it appears certain that the 
InSb single crystal undergoes anodic dissolution with the 
formation of trivalent indium and trivalent antimony~ 
which altogether adds to a valence number of 6 for the 
compound InSb. 
In order to find out why an apparent electron number 
lower than 6 results at current densities higher than 
~4o ma/cm2 (for In{lll} higher than ~6o ma/cm2 , see Fig. 17), 
further X-ray pictures were madeo 
The black film spalling off the substrate, resulting 
from anodic dissolution at 70 ma/cm2 , was annealed in 
evacuated glass tubing at 350°C for ~2 hours. The grey 
particles in the glass tubing were observed under the 
microscope with reflected and transmitted light (Fig. 21 
39 
and 22). They appeared to contain both metallic and colloidal 
matter. 
If the above-mentioned film were annealed in evacuated 
glass tubing at 650°C for ~2 hours, a layer of white material 
stuc~ to the wall of the glass tubing and the residue 
clustered as grey particles. Microscopic observation of 
this white material revealed it·to be transparent under 
-
the ·transmitted light (Fig. 23 and 24). This suggests 
no metallic particles present in the white material •. 
X-ray diffraction pictures prepared from opaque particles 
(Fig. 25 and 26) selected from the residue revealed int~nse 
diffraction rings of metallic antimony. This proves 
that surface disintegration of the anode does occur 
when InSb single crystals undergo anodic dissolution in 
aqueous 2 N HCl electrolyte at a higher current density 
(above ~4o ma/cm2 ). The total apparent electron number 
of less than 6 can thus be explained. 
Fig . 21 
The particles of annealed 
(350°C , ~ 2 hrs) black film , 
res ulting from anodic disso-
lution in 2 N HCl at 
7 0 ma/cm2 • Refl ecte d light . 
4 05X . 
Figo 23 
Th e whi te mat eria l sticking 
to the wal l o f the g lass 
tubing a ft er the InSb b l ack 
film was a nnealed at 650°C 
for "" 2 hrs . 
Reflected l i ght. 405X . 
Fig. 22 
Same as shown in Fig. 21 
but in transmitted light . 
405X . 
Fig . 24 
Same as s hown i n Fig . 23 
but in t r ansmitted light . 
4 05X . 
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Fig . 25 
A s elected particle of the 
r es i d ue o f the annealed 
(650°C , ~ 2 hrs) black film 
of InSb , resulti ng fr om anod ic 
diss olution in 2 N HCl at 
7 0 ma/cm2 • Reflected light . 
405X . 
Fig. 26 
The same as in Fig . 25 
but in transmitted l ight , 
405X . 
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V, MEASUREMENTS OF DISSOLUTION POTENTIALS OF 
InSb SINGLE CRYSTALS 
A. Materials 
42 
The materials were the same as described in Section III. 
B. Dissolution Potential Without Anodic Current 
1. Apparatus and procedure. The apparatus was the 
same as described in Section IV, except that a calomel 
electrode (1: N KCl) was used for reference, A salt bridge 
(NJ.5 N KCl) and a Luggin capillary (Fig. 27) eliminated the 
liquid junction potentials and prevented the electrolyte 
in the cell from contacting the electrolyte of the calomel 
electrode, The potential difference was measured with a 
precision potentiometer. A sketch of the arrangement is 
shown in Fig. 16. The readings for the potential differ-
ence of.the circuit were taken as soon as possible after 
the electrode was immersed into the electrolyte, Then the 
intervals were extended to 5 minutes for the first 15 
minutes and then to 15 minutes, 
2. Data and results. 
a. Measurements of dissolution potential without 
anodic current of the inverse {111} faces of an InSb single 
crystal in aqueous HCl solution. The dissolution potential 
EH• was expressed on the standard hydrogen scale (SHE) by 
adding 0,281 volt to the potential as measured against the 
calomel electrode, The results are tabulated in Tables 
VIII to X, Appendix c. Plots of the EN' versus time in 




Sketch showing the end of capillary tube in detail 
4J 
various concentrations of HCl are shown in Fig, 28, It is 
found that: 
44 
(1) The EH's of both inverse {111} faces in the 
same concentration of HCl are close to each other, the 
potential difference being less than ± 10 mv, 
(2) For both inverse {111} faces, the higher 
the concentration of HCl, the less noble the EH'' There is 
no significant potential difference between the In{ll~ and 
Sb {Ill} faces. 
(J) Time has no particular influence on the 
EH'• Steady potentials are usually obtained after 15 
minutes in most cases, This may result from the chemical 
pre-etching (CP-4) of the specimen surface, 
(4) The dissolution potentials without anodic 
current (or the ~ere-potentials) are reproducible within 
a deviation of roughly ± 10 mv.- \ 
b, Measurements of dissolution potential without 
anodic current of the inverse {111} faces of an InSb single 
crystal in various concentrations of HCl with 0,1 N FeJ+ 
additions, The FeJ+ was prepared from purified anhydrous 
Fec13 • The dissolution potentials~· were expressed on 
SHE, The results are tabulated in Tables XI to XII, 
Appendix c. Plots of the~· versus time in various 
concentrations of HCl with 0,1 N Fe3+ additions are shown 
in Fig, 29. For comparison a curve in pure 2 N HCl is also 
shown. It is found thata 
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Fig, 28 
Dissolution potentials without anodic current of 
the inverse {111} faces of InSb versus time in 















o In {111} 
A Sb {ll]J 
0 
A 




0 0 0 
A A 
-6o ________ ._ ______ L-------~------._------~----~~--
o 20 4Q 60 80 100 120 
time, min 
Fig. 29 
Dissolution potentials without anodic current of the 
inverse {111} faces of InSb versus time in various 
concentrations of HCl with FeJ+ additions at 25°c. 
is always less noble than that of In{llD in the same 
solution, 
(2) With 0,1 N Fe3+ additions the EH' of both 
{111} faces becomes less noble with increasing concentra-
tion of HCl, The potential difference between the two 
inverse faces is N4o mv in both 2 N HCl-0,1 N Fe3+ and 
4 N HCl-0,1 N Fe3+ solutions, 
(3) Keeping the concentration of HCl con~tant, 
the addition of Fe3+ shifts the~· of both inverse {111} 
faces to more noble potentials without changing the sequence 
in potentials of In Ull} and Sb{lli}. 
c. The Anodic Potential-Current Density Relationship for 
an InSb Single Crystal 
The electrode surface preparation and the apparatus 
were the same as decribed in Section III and IV. The 
potential measurements were carried out as previously 
aescribed (Fig. 16). However, the platinized platinum 
electrode used in the apparent valency measurements was 
coupled with the InSb electrode, The capillary (Fig. 27) 
provided a close contact with the dissolving specimen 
and thus reduced its shielding effect and the IR drop, 
During the run, the time, ammeter reading (current density) 
and potentiometer reading were recorded. Since time was not 
of particular importance,-each potentiometer reading was 
taken after 5 minutes at each ammeter setting. All the 
current densities are plotted against the measured anodic 
potentia! (SHE) as Gerischer did18 •19•2 5), and not against 
the overpotential (or polarization potential), 
The results are as follows: 
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1. In 2 N HCl. Polarization curves of In {111} , Sb {iii} , 
{110} and {100} faces of InSb single crystal undergoing 
anodic dissolution in 2 N HCl are shown in Fig. 30. The 
respective data are listed in Tables XIII to XVI, Appendix 
c. It is found thata 
{1) The anodic dissolution potential EM' of the 
4 different faces becomes less noble in the sequence: 
In {111} , {100} , {110} , Sb {Ill} • The potential difference 
between In {111.} and Sb {liD is "'44 mv (at 10 ma/cm2 ). 
(2) All 4 anodic polarization curves obey the 
Tafel relation over about three decades of current density, 
roughly within the range of 3 x 10-2 to 30 ma/cm2 • 
(3) Within the above mentioned range of current 
density, the 4 anodic pol~rization curves give nearly 
parallel Tafel lines, with a slope of ~56 mv/log i for 
In {111} , and IV 48 mv/log i for the last three planes. 
2. In 1 N HN03-l N H2~! Polarization curves of 
In{lll} and sbnll} faces dissolving anodically in this 
solution are traced in Fig. 31. The data are summarized 
in Tables XVII to XVIII, Appendix c. It is found that: 
(1) The anodic dissolution potentials EM' of 
both inverse {111} faces coincide:at a current density 
lower than NlO ma/cm2 • At higher current densities the~· 
of Sb {lli} becomes less noble t~an that of In {111}. 
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FiG• Jl. Anodic dissolution potentials ~· of the inverse {111} faces of InSb 
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inverse {111} faces obey the Tafel relation within the 
range of ~lo- 3 to ~10-l rna/cm2 and N3 to ~30 ma/cm2 • Within 
the former range the Tafel lines of the inverse {111} faces 
coincide with each other with a slope of ~26 mv/log i. 
Within the latter range the Tafel lines of the inverse {111} 
faces are parallel with a slope of ~92 mv/log i. 
(3) The potential difference between the two 
inverse {111} faces within the range of 3 to 30 ma/cm2 
is ""50 mv. 
(4) When an InSb single crystal dissolves anodic-
2 -
ally at current densities lower than 30 rna/em (where no 
visible anodic film is formed), the In{lll} surfaces 
always remains more even and shiny than the Sb{lllJ surfaces. 
From (J), it is indicated that the anodic reaction of 
InSb in 1 N HN0 3:-l N H2c4H4o6 has two consecutive steps 
with Tafel slopes of ~26 and ~92 mv/log i (the former step 
referred to as step I and the latter as step II). According 
to Conway's explanation26 ), at high current density (in this 
case_higher than "'3 ma/cm2 ) process I with a smaller electro~ 
chemical rate constant (large Tafel slope) is rate control-
ling, while at a lower current density step II is rate-
controlling. The potential difference between the inverse 
{111} faces is shown only at higher current densities where 
the Tafel line has a large slope, the potential of Sb{111} 
being less noble. 
3. In 2 N HCl with FeJ+ additions. Polarization curves 
of In{lll} and Sb{lil} undergoing anodic dissolution in 
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2 N HCl-0,0004 M Fe3+ and in 2 N HCl-0,002 M Fe3+ (Fe3+ was 
prepared from purified anhydrous Fec13 ) are shown in Fig, 32. 
For comparision the curves in pure 2 N HCl are also shown, 
The data are tabulated in Tables XIX to XXII, Appendix c. 
It is found.thata 
(1) In HC1-Fe3+ solutions the EM' of Sb{lli} is, 
as in the absence of Fe3+, less noble than that of In{llU, 
(2) Keeping the concentration of HCl constant, the 
addition of Fe3+ shifts the dissolution potential EM' of the 
inverse {111} faces to less noble potentials, 
(3) The nobility of the anode decreases with 
increasing Fe3+ concentration, (In dilute solutions of 
oxidants, less than 0,01 g-equiv/liter, the dissolution 
obeys diffusion kinetics27)), 
(4) The_polarization curves obey the Tafel relation 
within the range of ~1 to NlO ma/cm2 , The slope of the Tafel 
line of !nUll} in both 2 N HCl-0,0004 M Fe3+ and 2 N HCl-
0,002 M Fe3+ is ~62 mv/log i and that of Sb{iii} in the same 
solution is ~58 mv/log i. The potential difference between 
the inverse .UlD faces in this region is N37 mv in 2 N HCl-
0,002 M Fe3+ and ~33 mv in 2 N HCl-0,0004 M Fe3+, 
Because of Fe3+ being a comparatively powerful oxidiz-
ing reagent the self-dissolution rate in 2 N HCl in the 
presence of Fe3+ was much higher than that in 2 N HCl in 
absence of Fe3+ (Table I), This self-dissolution along 
with anodic dissolution might break down a possible deposit 






.0. 0004 M Fe3+ 
Sb {!11} 
2 N HCl-
0.002 M FeJ+ 
2 Current Density .i, rna/em 
Fig. 32 
Anodic dissolution potentials 111 • of the inverse {111} 
faces of InSb versus log of current den;,ity i in 
2 N HCl with Fe3+ additionz at 25°C. 
the InSb bulk and solution would decrease with increasing 
FeJ+ concentration which would finally result in EH' 
becoming less noble (depolarization). 
4. In 2 N HCl with Fe2+ additions. Polarization curves 
of In{lll} and Sb{IiD while dissolving anodically in 
2 N HCl-0.002 M Fe2+ (Fe2+ was prepared from FeC12 ) are 
drawn in Fig. JJ, For comparison the curves in pure 2 N HCl 
are also shown, The data are listed in Tables XXIII to 
XXIV, Appendix c. It is found thata 
(1) The EH' of Sb{lll}, as it was in pure HCl in 
the absence of Fe2+, is less noble than that of In{ill}. 
The potential difference between the-inverse {111} faces 
is ~26 mv (at 10 ma/cm2 )~ 
(2) At a constant concentration of HCl, the addition 
of Fe2+ shifts the EH' of both inverse {111} planes to less 
noble potentials (as for FeJ+ additions). 
{J) The polarization curves of both inverse {111} 
faces obey the Tafel relation within the range of ~1 to ~10 
ma/cm2 with a slope of ~so mv/log i for In{lll} and ~66 
mv/log i for Sb ~II} • 
(4) No deposit is observed on both inverse {111} 
surfaces up to a current density of ~20 ma/cm2 • 
In a 2 N HCl-0.002 M Fe2+ solution exposed to air during 
its preparation, an appreciable amount of Fe3+ was formed 
because of the oxidation of Fe2± by oxygen, The presence of 
FeJ+ caused the the anodic dissolution potential to 
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Anodic dissolution potentials ~· of the inverse {llU 
faces of InSb versus current density i in 2 N HCl 
at 25°C. 
in HCl during anodic dissolution of InSb can be explained. 
However, at a current density of 10 ma/cm2 the 
potential difference between the inverse {111} faces in 
2 N HCl-0.002 M Fe2+ is N26 mv and that in 2 M HCl-0.002 M Fe3+ 
is N37 mv, indicating the effect of Fe3+ in the former is 
smaller than that in the latter solution. It is quanti-
tatively related to the Fe3+ contained in the solution. 
5. In 2 N HCl with ~3Fe (CN ) 6 and K4Fe (CNJ 6 additions • 
Polarization curves for In{lll} and Sb{lil} faces under-
going anodic dissolution in 2 N HCl-0.00125 M K 3Fe(~N) 6 
and in 2 N HCl-0.00125 M K4Fe(CN) 6 are shown in Fig. 34. 
The data are summarized in Tables XXV to XXVII, Appendix c. 
It is found that& 
(1) In 2 N HCl containing K3Fe(CN) 6 or K4F:e(CN) 6 
the Fi-r • of Sb {III} at lower current densities ( < "-4 ma/crn2 ), 
is as in pure HCl, less noble than that of In {111} • The 
potential difference of the inverse {11~ faces in 2 N HCl-
0.00125 M K
3
Fe(CN) 6 is Nl3 mv and that in 2 N HCl-0.00125 M 
~4Fe(CN) 6 is N21 mv. 
(2) At current densities lower than ""'4 ma/cm2 , 
keeping the concentration of HCl constant, the addition of 
K
3
Fe(CN) 6 shifts the EH' of the inverse {11~ faces to less 
noble potentials, and the addition of K4 Fe(CN) 6 to more 
noble potentials. 
(3) 2 Within the range of "'0.1 to N 1 rna/em Tafel 
lines are obtained for the inverse {111} faces only in 
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Anodic dissolution potentials ~· of the inverse {11~ 
faces of InSb versus log of current density i in 
2 N HCl with K
3
Fe(CN) 6 and K4Fe(CN) 6 additions at 25°C. 
,.,70 mv/log i for In {111} and ..,60 mv/log i for Sb {Ill} • 
(4) A white colloidal layer is observed on both 
inverse {111} surfaces when InSb is dissolved anodically in 
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2 N HCl-0,00125 M K4Fe(CN)6 at a current density higher than 
2 ~1 rna/em • The layer can be removed by rinsing with water, 
No deposit is observed in 2 N HCl-0.00125 M K
3
Fe(CN) 6 even 2 . 
at a current density higher than ~10 rna/em • 
Mellor's "A Comprehensive Treatise on Inorganic and 
Treoretical Chemistry" 28 ) mentions that K4Fe(CN) 6 gives 
with In3+ a white precipitate, but no precipitate with 
solutions of K3Fe(CN) 6 , K3Fe(CN) 6 can also be reduced by 
metallic Sb. SbC13 gives a wh"ite precipitate with K4Fe(CN) 6 , 
but no precipitate with a solution of K3Fe(CN) 6 • These 
statements were comfirmed experimentally, Thus, the EH' 
of the inverse {111} faces abrupt shift to more noble 
potentials in 2 N HCl-0.00125 M K4Fe(CN) 6 (Fig. 34) was 
due to the formation of a white colloidal layer starting 
at a certain current density on the InSb surface. This 
layer increased the resistance between the InSb bulk and 
the solution, and as a consequence the potential became 
more noble when measured galvanostatically. 
rn·a 2 N HCl-0.00125 M K3Fe(CN) 6 solution, K3Fe(CN)6 
reacted as an oxidant and was reduced by Sb. Therefore, 
during anodic ·dissolution of InSb, this oxidation reaction 
increased the dissolution rate and removed the layer possibly 
formed on the InSb surface, Thus the resistance between the 
InSb bulk and the electrolyte decreased and the~· became 
less noble in compa.rision with~· in pure 2 N HCl (Fig.)4), 
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At higher current densities ( >~8 ma/cm2 ), the reduction 
reaction along with anodic dissolution became serious and an 
appreciable amount of K4Fe(CN) 6 was produced which possibly 
reacted with In3+ or Sb3+ to give a white precipitate. 
This white precipitate formed as a thin colloidal layer 
on the InSb surface as observed in the solution of 2 N HCl-
0.00125 M K4Fe(CN) 6 • This resulted in the potential increas-
ing from a less noble to a more noble potential in compari-
sion with EH' in pure 2 N HCl and also inverted the sequence 
in the potentials of In 111 and Sb 111 (see Tables XXV 
and XXVI). 
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VI. EFFECT OF TEMPERATURE ON THE DISSOLUTION POTENTIAL-
CURRENT DENSITY RELATIONSHIP OF InSb SINGLE CRYSTALS 
DISSOLVING ANODICALLY IN 2 N HCl 
A. Materials 
The materials were the same as described in Section III. 
B. Apparatus and Procedure 
1. Galvanostatic experiments. The apparatus and proce-
dure used here were the same as described in Section v. A 
sketch of the arrangement is shown in Fig. 16. The water 
bath temperature was maintained by adjusting the thermo-
regula tor ( P). 
2. Potentiostatic experiments. A Wenking potentiostat 
(N) was used to maintain a constant potential of the anode 
(A). A Keithley electrometer (M) measured the potential 
difference between the anode and reference electrode (I). 
The current was recorded on a Bausch & Lomb graphic ammeter 
(L). The rest of the apparatus was the same as that for the 
galvanostatic measurements. A sketch of the arrangement is 
shown in Fig. 35. Adjusted at a specific anodic potential, 
the temperature of the water bath could be set by the thermo-
regulator between 25°C to 45°C at an increment of~5 degrees 
for working at various temperatures. 
c. Data and Results 
1. The dissolution potential-current density relation-
ship for InSb single crystals dissolving anodically at 
various temperatures. The polarization curves of In{lll} 
N 
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A - InSb anode 
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E - Nitrogen inlet 
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G - Capillary tube 
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T - Cooling water 
inlet 
U - Cooling water 
outlet 
Fig. )5. Sketch of the apparatus used for potentiostatic studies 




and Sb{iii} faces of InSb single crystals undergoing anodic 
dissolution in 2 N HCl at 25°C, 35°C,and 45°C are traced in 
Fig. 36 and 37. The data are listed in Tables XIII to XIV 
and XXIX to XXXII, Appendix c. It is found that. 
(1) At the same current density, the anodic disso-
lution potential EH' for both inverse {11~ faces becomes 
less noble with increasing temperature. 
(2) All the anodic polarization curves of both 
inverse {111} faces at different temperatures obey the Tafel 
relation over at least two decades of current density, 
roughly within the range of 10-l to 10 ma/cm2 for In{llU 
face (Fig. 3~) and 10-l to 30 ma/cm2 for the Sb{ilU face 
(Fig. 37). 
(J) Within the above mentioned ranges of current 
density, the three anodic polarization curves give nearly 
parallel Tafel lines, with slopes of ~56 mv/log i for the 
In{llll face (Fig. 36) and ~48 mv/log i for the Sb{llll 
face (Fig. 37). 
(4) Within the Tafel region, the potential differ-
ences of the In{lll} face are ~JO mv, and that of Sb{ll~ 
~23 mv for each 10 degrees of temperature change. 
(5) The potential differences between In{lll} and 
Sb{lii} are ~36 mv, ~27 mv and ~20 mv at 25°C, 35°C and 
45°C respectively. 
2. Activation energy calculations. To explain the 
-
effect of temperature on anodic current density (or disso-
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-E /RT 
k =A e a (3) 
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where k is the reaction or dissolution rate constant related 
to the anodic current density i 28 >, A a frequency factor, 
Ea the energy of activation of the reaction, R the gas 
constant and T the absolute temperature. Replacing k by i, 
the logarithmic form of equation (3) is then as follows: 
log i = - Ea l + 2.303 R ·T log A' (4) 
A plot of log i verse i should conform to a straight line, 
with the slope being related to the activation energy by 
slope = 2.303 R 
where Ea is expressed in cal/mole and R the gas constant in 
cal/rnole-deg with a value of 1.987. The activation energy . 
was calculated based on two different ways of measurement. 
a. E from galvanostatic measurements. 
-a 
Arrhenius 
plots for the anodic dissolution of both inverse {111} 
faces of InSb :in 2 N HCl were obtained with the arrange-
ment of Fig. 35 at a potential of 101 rnv (SHE). The data are 
summarized in Tables XXXIII-A and B. The plots are shown in 
Fig. 38. 
The calculated slopes (Fig. 38) of In {111} a.nd S b {111} 
are equal to -5.24 )( 103:: and - 4.65 x 103 respectively. 
Thus, 
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for In {111} , 
Ea = 24oO Keal/mole 
for s b {III} , 3 Ea 4.65 X 10 = - 2 • 303 R 
Ea = 21.3 Keal/mole 
Therefore, the average value of Ea is 22.6±1.4 Keal/mole 
TABLE XXXIII 
DATA USED TO MAKE ARP~ENIUS PLOT FOR THE ANODIC DISSOLUTION 
OF InSb SINGLE CRYSTALS IN 2 N HCl 
A. In {111} 
EH' = 101 mv (SHE) 
Temperature (1/T) X lOJ i* log i 
( oc) (OK) ( oK-1) 2 (rna/em ) 2 (rna/em ) 
25 298.16 J.354 4.8 X 10-2 -1.319 
3.5 308.16 ).24.5 1.75 X 10-l -0.7.57 
45 318.16 3.143 6.2 X 10-l -0.215 
*Value from Fig. 36. 
B. Sb {Ill} 
F1-I' = 101 mv (SHE) 
Temperature (1/T) x 103 i* log i 
( oK-1) 2 2 (oC) (OK) (rna/em ) (rna/em ) 
2.5 298.16 3·354 1.6 X 10-1 -0.796 
35 308.16 3.24.5 .5.2 X 10-
1 
-0.284 
4S )18.16 3.143 1.4.5 0.161 
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Fig. J8, Arrhenius plot of the anodic dissolution 
of InSb single crystals in 2 N HCl. 
Galvanostatic measurements. 
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b, Ea from potentiostatic measurements, The current 
density data at various temperatures for four different 
planes at a potential of 101 mv (SHE) can be found in 
Tables XXXIV A to D. The Arrhenius plots.are shown in 
Fig. 39. 
The calculated slopes (Fig 39) for InUll}, Sb{llU, 
{110} and {100} are -4.65 X 103, -4.40 x 103, -4,43 x 103 
and -4,05 X 103 respectively. Thus, 
for In {111} , = - 2.303 R 
Ea = 21.3 Kcal/mole 
for Sb {Iii} , 3 Ea 
-4 0 4 0 X 10 = - 2 I 3 0 3 R . 
Ea = 20,1 Kcal/mole 
for {110}, - 3 E . a 
-4,43 X 10 = - 2 , 303 R 
Ea = 20,3 Kcal/mole 
for {100} , 3 Ea 
-4,05 X 10 = - ,2 , 303 R 
Ea = 18,5 Kcal/mole 
Therefore, the average value of Ea is 20,0+0,8 Kcal/mole 
This investigation shows that (1) there are no appreci-
able differences among the apparent activation energies of 
different planes and (2) that the apparent activation 
energies obtained from both galvanostatic and potentiostatic 
measurements are fairly close to each other. The close 
TABLE XXXIV 
DATA USED TO MAKE ARRHENIUS PLOT FOR THE ANODIC DISSOLUTION 
J OF InSb SINGLE CRYSTALS IN 2 N HCl AT A POTENTIAL 
OF 101 mv (SHE). POTENTIOSTATIC MEASUREMENTS. 
A. In {111} 
Temperature 



































*Value from potentiostatic measurements. 2 Exposed surface area of the electrode = 0.353 em • 
B. Sb {iii} 
Temperature 
















8 29 .10-l • 
1.280 
log i 






*Value from potentiostatic measurements. 2 




Temperature (1/T) X 103 i* log i 
(OC) (OK) (oK-1) (ma/cm2 ) (ma/cm2 ) 
25.75 298.91 3.345 1.53 lo-1 
-0.815 
30.85 304,01 3.290 2.72 lo-1 
-0.565 
35.2 308.36 3.243 4,16 lo-1 
-0,381 
40,15 313.31 3.192 7.37 lo-1 
-0.1.33 
44,65 317.81 3.147 1,444 0,160 
*Value from potentiostatic measurements, 2 Exposed surface area of the electrode = 0.353 em • 
D, {100} 
Temperature (1/T) X 103 i* log i 
(OC) (oK) (oK-1) (ma/cm2 ) (ma/cm2 ) 
25.3 298.46 3 • .351 1,28 10-l -0,893 
30.3 303,46 3.295 2.17 10-l -0.664 
35.0 308,16 3.245 2,87 10-l -0.542 
39.7 312,86 3.196 5.49 10-l -0.260 
44,4· 317.56 3.149 8,41 10-1 -0,075 
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Fig. J9, Arrhenius plot of the anodic dissolution of 
InSb single crystals in 2 N HC1. 
Potentiostatic measurements. 
agreement of the Ea values for the faces measured suggests 
that the mechanism of dissolution (r.d.s.) is the same 
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regardless of the crystal plane and that the anodic dissolu-
tion of the planes is under chemical activation control. 
Finally, the inclination of the potential-current density 
slopes suggests a one electron discharge for the slow step 
of InSb anodic dissolution in HCl, similarly as for GaAs · 
in KOH 21 ). 
VII. DISCUSSION 
The discussion of results regarding InSb is presented 
in three parts; (1) anodic dissolution and potentials, 
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(2) etching behavior of the {111} faces, and (J) coulometric 
measurements and disintegration. 
A. Anodic Dissolution and Potentials 
From the Tafel curves of the 4 planes of InSb under-
going anodic dissolution in 2 N HCl, it appears that the 
nobility decreases in the sequence 1 In {111} , {100} , {110} 
and Sb{lll}. The largest deviation of anodic dissolution 
potentials is observed between the. inverse {111} planes, 
the potential of In{lll} being always nobler. This is also 
true for InSb dissolving anodically in some other electro-
J+ 2+ lytes, such as HN03-H2C4H4o6 , HCl-Fe , HCl-Fe , HCl-
KJFe(CN)6 and HC1-K4Fe(CN) 6 • Thus, it is found that the 
addition of either oxidizing or reducing agent does not 
shift the sequence of nobility of the inverse {111} planes. 
·As to the rest potential of the inverse {111} planes, that 
of In{lll} in HCl-FeJ+ is significantly nobler. In order to 
explain the differences in dissolution potentials between 
the inverse {111} planes, it is better to begin with crystal 
structure and molecular configuration. 
It has been mentioned in the literature review that 
InSb with a noncentrosymmetric center is polar and, 
therefore, not all directions in the crystal are equivalent. 
Taking the {111} direction as an example (Fig. 40), each 
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surface atom (for instance, In) is attached by three bonds 
to the layer of the Sb atoms beneath. Each of the Sb atoms 
in turn is attached to the surface layer by three bonds, 
but to the layer beneath by only one bond. Therefore, if 
the surface layer of In atoms is removed by dissolution, in 
the uncovered layer of Sb there are three free bonds at 
each atom. This configuration is considered as highly 
unstable. Thus, the removal of material occurs immediately 
in two layers and after dissolution the surface layer again 
consists of In atoms14 ). For this reason, the opposite face, 
Sb{lll}, always consists of atoms of Sb and this situation 
is maintained during dissolution. 
__ {llJl direction {111} surface 
step-
{llU surface 
; Fig. 40 
layer I, III Ulll 
layer II, V {llD 
I ~step 
Two-dimensional representation of the zinc-blende·structure 
· with surface steps 
For further explaining the differences in behavior 
between the inverse {111} faces of InSb, the electronic 
structure of the surface atoms of In and Sb is sketched in 
Fig. 41. This structure is considered as the most likely 
to occur as it leads to electrically neutral surfaces?). 
Since the atoms of In are triply bonded to the surface 
layer of the Sb atoms and the former atoms are normally 
trivalent, therefore all the valency electrons are used in 
covalent bonds with Sb atoms. The Sb atoms are triply 
bonded to the surface layer of the In atoms, but 
the normal valence of Sb is five. Therefore, the Sb atoms 
have an unshared pair of electrons available for reaction 




t ' \ I 
\ I 
.,., 
Surface_ III__.. In 
atom 
Fig. 41 





Schematic diagram of the electronic structure 
of a single InSb crystal 
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However, this condition does not show up in the dis-
solution potentials of metallic In and Sb. Therefore, the 
anodic potential (EH')-current density {i) relationship of 
both metallic In and Sb in 2 N HCl (at 25°C) was investi-
gated.· The results are tabulated in Tables XXXV to XXXVI, 
Appendix C, and plotted in Fig. 42. For comparision, the 
results for the inverse {111} faces are also shown. It can 
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be seen that~· of metallic Sb is much more noble (~6oo mv) 
than that of metallic In. Contrariwise, the Sb{lll} face, 
which upon dissolution leaves more Sb atoms present (In goes 
into solution easier), has a less noble potential than the 
InUll} face. If the chemical properties of the two inverse 
{111} faces are determined by the properties of the respec-
tive dominating atoms, take Sb{lll} for example, the ~· 
should be more noble than that of In{lll}. However, this is 
not so {Fig. 42). Evidently on In{lll} surface, In goes into 
solution faster and Sb remains. A dense protective layer of 
Sb4o5c12 is formed and hence, the potential becomes nobler 
than that of the inverse side where the protective layer 
may be thinner. Thus, the protective layers explain the 
decreased rate of In{lll} {Fig. JO). Generally, the disso-
lution potentials of the two inverse {111} faces are much 
closer to that of metallic Sb than to metallic In, indica-
ting that the latter undergoes· a larger chemical change 
during the InSb formation than Sb. It is also interesting to 
note that pure Sb becomes passive at a current density of 
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Fig. 42. Anodic dissolution potentials ~· of metallic In, metallic Sb 
and the inverse {111} faces of an InSb single crystal versus 
log of current density i in 2 N HCl at 25°C. 
--J 
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~4o ma/cm2 (Fig. 42). From the above investigation, it can 
be conclude~ that a single InSb crystal behaves quite 
differently than the pure metallic components, whereby the 
chemical activity of the Sb{lll} face is greater than that 
of the In{lll} face, which applies also in the presence-of 
oxidizing and reducing agents such 
2+ Fe and K4Fe(CN) 6 • 
J+ as Fe , KJFe(CN) 6 , 
B. Etching Behavior of the {111} Surfaces 
The growth and dissolution of crystals are generally 
considered to proceed through the propagation of atomic or 
molecular steps along the exposed surface14). In the case 
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of the III-V compounds like InSb, such steps are considered 
to be diatomic layers as shown in Fig. 40. The surface 
configuration with simply bonded atoms is considered unstable, 
if it were stable, both inverse {111} faces would behave 
alike. Thus, the rate determining step of the dissolution 
process is primarily associated with the binding between 
layers I and II instead of breaking the single bonds 
between the atoms of layer II and the substrate. According 
to Gatos et al.•s14 ) explanation, atomic pits are created 
by the removal of one atom from layer I and the kinks are 
created by the removal of the adjacent atoms also from 
layer I such as shown in Fig. 4). Those pits and kinks 
can be considered as nucleation points for further forming 
pits and also for merging pits. (This etching behavior is 
shown by this investigation in Section III). Furthermore, 
it may be assumed that the formation of etch pits is due to 
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the relative magnitudes of the rate of dissolution of the 
diatomic steps (indicated by Vs) and the rate of formation 
of atomic pits or kinks (indicated by Vn) 14 >. Taking an 
In{lll} face etched chemically in modified CP-4 for instance, 
the rate of formation of atomic pits or kinks exceeds that 
of dissolution of the diatomic steps, therefore the etch 
pits are formed on the In{lll} face. Etching the Sb{Ill} 
face, Vn does not exceed Vs' thus no pits are observed on 
it and as a result of etching the Sb{lll} face becomes 
polished. When InSb is etched anodically in 2 N HCl or 
1 N HN0
3
-l N H2c4H4o6 , the rate of formation of atomic 
pits and kinks of both inverse {111} faces exceeds that of 
dissolution of the diatomic steps; therefore the dislo-





layer I, III {111} 
layer I I , V {lll} 
Substrate 
Representation of a ~11} face with an atomic pit and kink 
According to Gatos and Lavine14 ), in some instances 
virtually all of the dislocations can be revealed indivi-
dually by employing slow etchants. In general, however, an 
etchant which develops dislocation etch pits does not 
necessarily reveal all of the dislocations terminating at a 
given surface. The fact that distinct dislocation etch pits 
have not been observed on the {111} planes certainly does 
not imply that these surfaces are not intersected by 
dislocation lines. They also point out the etching 
difference between the two inverse {111} faces is due to 
the much higher overall etch rate of V{li~ faces, which 
must be greatly reduced by addition of an inhibitor to 
allow regular etch pits to be formed. 
In the present investigation of anodic dissolution, 
however, etch pits are observed on both inverse {111} 
faces, After anodic etching in acidic solutions (at a lower 
current density where no visible anodic film is formed), 
it is found that the In{lll} surface is always shinier 
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than that of the Sb{Iil} surface. Thus the surface appearance 
gives another way to distinguish the inverse {111} faces 
of InSb, 
The HNOJ-HF etchant produces round etch pits on the 
In {111} faces and a few triangular etch pits on the Sb {iii} 
faces. In the HCl-FeJ+ etchant, the etch figures on the 
In{lll} and the Sb{Ill} faces are strikingly different. 
The etch figures on the In{lll} faces form arrays of well 
defined or overlapping equilateral triangles (Fig. 7). The 
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etch ·figures on the Sb{IID faces are irregular or regular 
hexagons but usually less well-defined than those on the 
inverse planes. Both etch figures are bounded along the 
{110} direction14 ). These two etch patterns of the inverse 
{111} planes observed by this investigation (Fig. 7 and 8) 
are different from those observed by Gatos and Lavine 
(see Fig. 2 of their publication14>). The overlapping 
equilateral triangular etch figures do appear on the 
In {111} face instead of the Sb {Iii} face. This is further 
shown by Fig. 15. Thus, the identification of the two 
inverse {llll faces of InSb by chemical etching is also 
possible using HNo3-HF or HCl-FeJ+ as etchant. It shows 
that the characteristic etch patterns can thus be 
developed under anodic or chemical etching by employing 
serveral kinds of etchants, as indicated above, without 
the addition of an inhibitor. 
c. Coulometric Measurements and Disintegration 
The coulometric measurements show that InSb undergoes 
anodic dissolution in 2 N HCl at a lower current density 
(less than ~40 ma/cm2 ) with the formation of InJ+ and SbJ+, 
which explains the apparent electron number of 6. At a higher 
anodic c~rrent density (above N40 ma/cm2 ) the total 
apparent electron number is less than 6. The present invest-
gation proves that this is due to partial disintegration 
of InSb. During electrolysis a dark film consisting of 
antimony hydroxyl chloride is formed on the surface of the 
anode, identified by X-ray diffraction to be Sb40 5Cl2 • 
Sb particles, colloidal in origin and embedded in this 
corrosion product, are responsible for the dark color. 
As the products of anodic dissolution of the III-V 
intermetallic compound are insoluble or only slightly 
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soluble in the electrolyte, they are deposited on the surface, 
as for metallic electrodes. Under certain conditions anodic 
films can grow to a considerable thickness provided that 
there is adequate ionic conduction through the film to 
carry the current for continued film growth. For one or 
another reasons these films do not cover the anodes uniformly 
and the anodic current will follow the path of least . 
resistance. At places where. the film is thin or not formed 
at all, the current density will be high and anodic dis-
solution will occur around such spots, undermining them. 
After some time the respective spot still containing some 
metallic compound adhering to the anodic layer, may drop 
out. If the anodic layer is difficultly soluble in the 
electrolyte, the metallic particles will appear embedded 
in the film. That is why metallic antimony is found in the 
InSb anodic film after it is annealed to ~650°C in the 
evacuated glass tubing. The purpose of this annealing is 
to separate the metallic compound from the anodic film. 
This separation occurs by clustering of the original 
colloidal Sb particles to layer entities. 
Metallic Sb and Sb4o5c12 (the main composition of the 
anodic film) are insoluble in aqueous HCl, whereas metallic 
In and indium oxides or chlorides are easily dissolved in 
8J 
HCl. As the X-ray diffraction pattern of the annealed 
anodic film is identical with that of the precipitate 
(prepared by dissolving SbClJ in HCl and diluting with 
water), it is, therefore, reasonable to assume that In and 
In compounds are not present in the anodic layer. 
The ions (mainly InJ+) going anodically into solution 
exibit some pressure on the Sb-salt film formed and it may 
slightly separate from the substrate. A new anodic film is 
then formed underneath on the places of separation. It is 
shown in Fig. 18 that such an anodic film results from 
both inverse {111} faces, and grows layer by layer and 
. 
continuously for the time of electrolysis, indicating that 
the film growth behavior of InSb is similar to that of most 
pure metals. 
VIII. SUMMARY AND CONCLUSION 
The etching behavior of single InSb crystals was 
studied in this investigation. The inverse {111} faces 
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can be identified bya (1) etch patterns developed by 
chemical etching with modified CP-4, HNO;-HF or HCl-FeJ+ 
etchants, (2) etch figures produced from anodic dissolution 
in acidic solutions, {J) open circuit potentials in 
HC1-Fe 3+ solution or anodic dissolution potentials in 
acidic solutions, e.g. HCl, HN0 3-H2c 4H4o6 , as the poten-
tials of In {111} are always nobler than that of Sb \IIi} , 
(4) surface appearance after anodic dissolution in acidic 
solutions (when no visible anodic film is formed), as the 
In{lll} surface is shinier than that of the Sb{III} 
surface. 
It appears certain that InSb undergoes anodic dissolu-
tion in 2 N HCl at current densities below N40 ma/cm2 with 
the formation of InJ+ and Sb3+, which adds to the valence 
number of 6. The stoichiometry is the same for both 
inverse {111} faces and also for the {110} and {100} planes. 
At current densities higher than ~4o ma/cm2 (for In{llU, 
higher than ""60 ma/cm2 ) the total electron number drops 
below 6, due to surface disintegration. Sb particles, 
colloidal in origin, are embedded in the insoluble anodic 
film (dark in color) with a composition mainly of Sb4o5c12 • 
The inverse {111} faces exhibit significant differ-
ences in anodic dissolution potential in various acidic 
solutions, roughly with a value from ~JO to ~so mv. The 
addition of oxidizing or reducing agents does not shift 
the sequence in potentials of the inverse {111} faces 
within certain ranges of current density as studied. 
The potential of _In {111} is always nobler than that of 
Sb{Ill}. An appreciable difference in dissolution poten-
tial in the absence of an external anodic current is also 
found in HCl-FeJ+ 1 with a value of ,.. 40 mv. 
The anodic dissolution potential in 2 N HCl of the 
four low-indexed crystallographic planes becomes less 
noble in the sequence: In {111} , {lOO} , {110}, Sb {111} • 
The polarization curves of the four different-faces 
undergoing anodic dissolution obey the Tafel relation 
over about three decades of current densi~ (~J x 10-2 
to ~JO ma/cm2 ). The Tafel slopes are all nearly parallel 
( N56 mv/log i for In{lll} , ~48 mv/log i for the last 
three planes). The activation energies of all four faces 
are close to one another ( 20.0±0.8 Kcal/mole). This 
behavior suggests that the rate determining step is 
a one electron discharge and is the same on all the 
crystallographic planes. 
It is al3o found that the dissolution potentials of 
the two inverse {111} faces. of· InSb are much closer to 
that of metallic Sb than to metallic In, indicating that 
the latter undergoes a large chemical change during the 
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APPENDICES 
Three appendices are included in this thesis. Appendix A 
contains a list of materials. Appendix B contains a list of 
equipment and Appendix C contains the experimental data. 
A. r.:a ter ials 
The following is a list of the materials and reagents 
used in this investigation: 
1. InSb Single Crystals. (See p. 11). 
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2. Indium, High-purity (99.99+%),Cominco American Inc., 
Spokane, Wash, 
J, Antimony. High-purity (99.99+%), American Smelting 
and Refining Co,, South Plainfield, N. J. 
4, Acid, Hydrochloric. Reagent grade, Mallinckrodt 
Chemical Works, St, Louis, New York, Los Angeles, Montreal, 
5, Acid, Nitric, Reagent grade, Mallinckrodt Chemical 
Works, St, Louis, New York, Los Angeles, Montreal, 
6. Acid, Acetic, Reagent grade, Mallinckrodt Chemical 
Works, St, Louis, New York, Los Angeles, Montreal, 
7, Acid, Hydroflouric, Reagent grade, Fisher Scientific 
Company, Fairlawn, N, J. 
8, Acid, Tartaric (Granular), Reagent grade, 
~allinckrodt Chemical Works, St. Louis, New York, Los Angeles, 
r·.'Iontreal. 
9. Ferric Chloride. Purified, anhydrous-sublimed 
grade, Fisher Scientific Company, Fairlawn. N. J. 
10, Ferrous Chloride• Reagent grade, Fisher Scientific 
Company, Fairlawn, N. J. 
11, Potassium Ferricyanide. Reagent grade, Mallinckrodt 
Chemical Works, St, Louis, New York, Los Angeles, Montreal, 
12, Potassium Ferrocyanide, Reagent grade, Allied 
Chemical & Dye Corp., New York, N.Y. 
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B. Egnipment 
The following is a list of the major components of the 
equipment and apparatus used in this investigation. 
1. Surface prer~rat5on of InSh wafers. 
a. Hand grinder. Handimet, 4-stage, Buehler No. lll-70, 
Buehler Ltd., Evanston, Ill. 
b. Polishing wheel. 2-speed. Polishing cloth& silk 
or nylon. Polisher: Silicon Carbide Powder (to make J micron 
slurry); Gamma Micropolish, 0.05 micron; Buehler Ltd., 
Evanston, Ill. 
2. Apnaratus for the electrolysis and potential 
measurements. 
a. Ammeter. J ranges, 0-1.5 rna, 0-15 rna, 0-150 rna. 
Days trom, Inc., VIes ton Instruments Divis ion, Newark, N. J. 
b. Multirecorder. Model 604, Simpson Electric Co., 
Chicago, Ill. 
c. Battery, StoraFae. 12-volt. 
d. Heater, Immersion. Knife-blade type, 115 v, 
500 w, A.C., Central Scientific Co., Chicago, Ill. 
e. Motor, Stirrer. 110 v, A.C.-D.C., Palo 
Laboratory Supplies, NeVI York, N. Y. 
f. Resistance Box. Graduated from 0-9999 ohms 
in 1 ohm divisions, Leeds & Northrup Co., Philadelphia, Pa., 
and Model DRC, graduated from 0-lOOKohns in 10 Kohm 
divisions, Cornell-Dubilier Electronics Division, Federal 
Pacific Electric Co., (Fuquay, V. rina), N. C. 
e. Switch, Relay, 115 v, A,C,, Fisher Scientific 
Co,, Pittsbureh, Pa, 
91 
h, Volta~e Controller, Model 2600, Cole Parmer Co,, 
Chicaeo, Ill, 
i, Th ermore.rrula tor, Graduated frorn 0°C-l 00°C 
in 1 degree divisions, Jm,10-~~:s, D. P. DP., ':'lest Gerrm.ny. 
j, PntAntio!Yleter, Rubicon Co,, Philadelphia, Pa. 
k, ElPctrometer, T'!iodel 610B, Keithley Instruments, 
Inc,, Cleveland, Ohio, 
1, Potentiostat. Wenkine, ac, Brinkman Instruments, 
~;!est bury , N, Y • 
m, Recorder, Laboratory Recorder V,O,M,-5, 
Bausch & Lomb Incorp,, Rochester, N, Y. 
92 
C. Experimental Data (Tables VIII-XXXII and XXXV-XXXVI) 
93 
TABLE VIII 
DISSOLUTION POTENTIAL OF THE INVERSE {111} FACES OF AN 
InSb SINGLE CRYSTAL VERSUS TIME WITHOUT ANODIC CURRENT 
IN 1 N HC1 AT 2.5°C 
In {111} Sb {III} 
t ~· t ~· (min) . (mv)* (min) (mv)* 
0 81 0 81 
.5 82 .5 81 
10 81 10 81 
1.5 81 :..1.5 81 
30 86 30 84 
4.5 84 4.5 81 
60 83 60 84 
7.5 82 7.5 81 
90 82 90 80 
10.5 81 10.5 79 
120 81 120 79 
*SHE 
TABLE IX 
DISSOLUTION POTENTIAL OF THE INVERSE {111.} FACES OF AN 
InSb SINGLE CRYSTAL VERSUS TIME WITHOUT ANODIC CURRENT 
IN 2 N HC1 AT 25°C 
In {111} Sb {Ill} 
t ~· t E1i' (min) (mv)* (min) (mv)* 
0 52 0 47 
5 52 5 47 
10 51 10. 47 
15 51 15 47 
JO 47 JO 49 
45 4.3 45 49 
60 48 60 51 
75 51 75 51 
90 46 90 49 
105 44 105 51 
120 44 120 50 
*SHE 
95 
.. TABLE X 
DISSOLUTION POTENTIAL OF THE INVERSE {111} FACES OF AN 
InSb SINGLE CRYSTAL VERSUS TIME WITHOUT ANODIC CURRENT 
IN 4 N HC1 AT 25°C 
In {111} Sb {ill} 
t ~· t F1£' (min) (mv)* (min) (mv)* 
0 
-J 0 -12 
5 -4 5 -14 
10 -5 10 -16 
15 -5 15 -18 
JO -5 JO -15 
45 -7 45 -11 
60 -8 60 -7 
75 -8 75 -1J 
90 -8 90 -17 
105 -9 105 -16 
120 -9 120 -17 
*SHE 
TABLE XI 
DISSOLUTION POTENTIAL OF THE INVERSE {111} FACES OF AN 
InSb SINGLE CRYSTAL VERSUS TIME WITHOUT ANODIC CURRENT 
IN 2 N HC1-0.1 N Fe3+ AT 25°C 
In {111} Sb {Ill} 
t F11' t E11' 
(min) (mv)* ' (min) (mv)* 
0 139 0 117 
5 165 5 125 
10 169 10 125 
15 171 15 125 
30 172 30 129 
45 169 45 131 
60 175 60 133 
75 175 75 133 
90 177 90 135 
105 177 105 137 




DISSOLUTION POTENTIAL OF THE INVERSE {111} FACES OF AN 
InSb SINGLE CRYSTAL VERSUS TIME WITHOUT ANODIC CURRENT 
IN 4 N HC1-0.1 N Fe3.+ AT 25°C 
In {111} Sb {ill} 
t E1I' t 11i' 
(min) (mv)* (min) (mv)* 
0 61 0 41 
5 79 5 39 
10 81 10 37 
15 85 15 35 
30 87 30 37 
45 86 45 39 
60 86 60 42 
75 87 75 44 
90 86 90 46 
105 86 105 47 
120 86 120 46 
*SHE 
TABLE XIII 
ANODIC DISSOLUTION POTENTIAL OF THE In {111} FACE OF AN 
InSb SINGLE CRYSTAL IN 2 N HCl AT.25°C 




{ma/cm2 )* (m~r)** 
i 
{ma/cm2 )* (mv)** 
5.66 
8.5 



























*Electrode surface area = 0.353 
**SHE 
































Run No. 2 
i E11' i E11' 
(ma/cm2 )* (mv)** (ma/crr12 )** (mv)** 
7.09 X 10-3 69 9.91 X 10-l 175 
1,42 >< 10-2 81 1,84 X 10° 189 
1.98 86 2,41 194 
4.25 100 3.4 204 
5.1 102 ,5.1 212 
9.91 118 6.23 218 
1,42 X 10-l 126 7.93 223 
1.98 13.5 9.92 228 
4.2.5 153 1.27 X 10 231 
7.93 168 




ANODIC DISSOLUTION POTENTIAL OF THE Sb fill} FACE OF AN 
InSb SINGLE CRYSTAL IN 2 N HCl AT 25°C 
Run No. 1 
2.83 x lo-3 
5.66 
8.5 

















































Run No. 2 
i E ' i E1t' 
(ma/cm2 )-~''" H (ma/cm2 ) it-(mv)** (rnv)** 
7.09 )( 10-3 47 3.5 X 10-l 117 
1.42 ')( 10-2 53 5.1 124 
1.98 60 7.94 134 
3.4 67 9.91 142 
4.25 73 1.7 X 10° 152 
5.1 75 3.5 164 
9.91 90 5.1 174 
1.27 X 10-l 97 7.94 182 
1.98 104 9.91 188 
2.55 110 1.27 X 10 191 




ANODIC DISSOLUTION POTENTIAL OF THE {110} FACE OF AN 
InSb SINGLE CRYSTAL IN 2 N HCl AT 25°C 
i E1r' i ~· 2 (ma/cm2 )* (ma/cm )* (mv)** (mv)** 
1.22 x 1o-3 31 6:1 ~ 10-l 134 
2.44 37 7.32 138 
3.66 41 8.55 142 
6.1 48 9.75 145 
8.5:5 52 1.1 )( 10° 149 
1.1 X 10-2 56 1,46 152 
1.83 63 1.83 160 
2.44 69 2,44 166 
3.66 75 3.66 172 
5.49 82 5.49 180 
7.32 88 7.93 188 
9.1.5 93 1.1 X 10 194 
1.1 X 10-l 96 1.46 200 
1,83 107' 1.83 204 
2,44 113 3.05 214 
3.66 122 3.66 220 
4,88 129 4,88 225 
0,82 2 *Electrode surface = em 
**SHE 
TABLE XVI 
ANODIC DISSOLUTION POTENTIAL OF THE {100} FACE OF AN 
InSb SINGLE CRYSTAL IN 2 N HCl AT 25°C 
i ~· i 
103 
~· (ma/cm2 )* (mv)** 2 (rna/em )* (mv)** 
1.22 x lo-3 39 6.10 X lo-1 142 
2.44 45 7.32 146 
3.66 50 8.55 150 
4.88 59 1.22 X 10° 157 
8.55 66 1.83 166 
1.22 X 10-2 75 2.44 173 
1.83 81 3.66 182 
2.44 83 4.88 188 
3.05 87 5.50 194 
4.88 96 7.32 198 
6.70 101 9.15 203 
9.15 108 1.22 X 10 207 
1.22 X 10-l 113 1.83 216 
1.83 121 2.44 222 
2.44 126 3.66 229 
3.05 130 4.88 242 
3.66 133 6.10 261 
.4.88 138 




ANODIC DISSOLUTION POTENTIAL OF THE In{11U FACE OF AN 
InSb SINGLE CRYSTAL IN 1 N HN03-1 N H2c4H406 
AT 25°C 
i Err' i Err' 
(ma/cm2 )* (mv)** (ma/cm2 )* (mv)** 
1.65 X 10-3 139 6.61 X 10-1 217 
3.31 152 8.26 224 
4.96 158 9.91 230 
6.61 162 1.65 X 10° 248 
9.91 168 3.31 275 
1.65 X 10-2 173 4.96 294 
2.48 175 6.61 306 
4.~4 178 8.26 314 
6.61 183 9.91 320 
8.26 185 1.65 X 10 340 
1.16 X 10-1 189 3.31 369 
1.65 193 4.96 393 
3.31 203 6.61 435 
4.96 210 




ANODIC DISSOLUTION POTENTIAL OF THE Sb{lll} FACE Of AN 
InSb SINGLE CRYSTAL IN 1 N HN03-1 N H2C4H406 
AT 25°C 
i E1r' i E1f' 
(ma/cm2 )* (mv)** (ma/cm2 )* (mv)** 
1.22 )( 10-3 131 2.44 X 10-l 197 
2.44 141 4.26 202 
).66 148 6.10 203 
4.88 153 9.15 208 
8.55 162 1.22 X 10° 210 
1.22 X 10-2 165 2.44 223 
1.83 168 4.26 238 
2.44 169 6.10 248 
).05 171 9.15 265 
4.88 177 1.22 X 10 277 
8.55 185 2.44 311 
1.22 X 10-l 188 




ANODIC DISSOLUTION POTENTIAL OF THE In{111} FACE OF AN 
InSb SINGLE CRYSTAL IN 2 N HCl-0.0004 M Fe3+ 
AT 25°C 
i Eli' i Eli' 
(ma/cm2 )* (mv)** (ma/cm2 )* (mv)** 
2.83 X 10-3 45 1.56 X 10° . 165 
7.1 50 1.98 171 
1.13 X 10-2 53 2.55 177 
2.83 62 ).4 185 
5.66 74 4.25 191 
8.5 84 5.66 199 
1.13 X 10-1 92 7.1 205 
1.98 108 7.93 208 
2.55 116 8.5 210 
).4 125 9.92 215 
4.25 131 1.1) X 10 220 
5.66 140 1.42 228 
7.1 145 1.7 236 
8.5 149 1.84 240 
1.13 X 10° 157 1.98 243 
o.J5J 2 




ANODIC DISSOLUTION POTENTIAL OF THE Sb{lll} FACE OF AN 
InSb SINGLE ~RYSTAL IN 2 N HC1-0.0004 M FeJ+ 
. \ 
···AT' ~25°C 
i ~· i ~· 2 (ma/cm2 )* (rna/em )* (mv)** (mv)** 
2.8~ X 10-2 61 4.25 ')( 10° 156 
s.66 66 5.1 162 
8.5 73 6.24 167 
1.1.3 X 10-1 76 7.1 170 
1.98 86 8.5 174 
2,8.3 92 9.92 178 
4.2.5 101 1.1) X 10 182 
_5,66 106 1.27 185 
7.1 112. 1.42 187 
8.5 116 1.56 191 
l,1J X 10° 12.3 1.70 193 
1.7 1.3.3 1.84 195 
2.55 14) 1,98 197 
J.4 150 




ANODIC DISSOLUTION POTENTIAL OF THE In{ll~ FACE OF AN 
InSb SINGLE CRYSTAL IN 2 N HCl-0,002 M FeJ+ 
AT 25°C 
i E11' i E11' 2 2 (rna/em )* (mv)** (rna/em )* (mv)** 
2,83 X lo-3 61 1.13 X 10° 146 
5.66 61 1,98 161 
1,13 )( 10-2 62 2.83 171 
5.66 71 4,25 182 
1.13 X 10-l 76 5.66 192 
2.83 109 7.1 198 
4,25 121 8.5 203 
5.66 l27 1.13 X 10 210 
7.1 135 1.98 228 
8.5 138 




ANODIC DISSOLUTION POTENTIAL OF THE Sb {III} FACE OF AN 
InSb SINGLE CRYSTAL IN 2 N HC1-0.002·M FeJ+ 
2.83 X 10-2 
5.66 


















































ANODIC DISSOLUTION POTENTIAL OF THE In{111} FACE OF AN 
InSb SINGLE CRYSTAL IN 2 N HC1-0,002 M Fe2+ 
AT 25°C 
i E11' i ~· 2 (ma/cm2 )* (rna/em )* (mv)** (mv)** 
1.13x1o-2 65 1,98 X 10° 152 
2,83 68 2.83 164 
5.66 71 5.66 187 
8,50 74 8.5 202 
1.13 X 10-1 76 1.13 X 10 213 
2.83 93 1.98 238 
5.66 109 2.83 257 
8.50 124 4.25 281 
1,13 133 5,66 305 




ANODIC DISSOLUTION POTENTIAL OF THE Sb{ll!} FACE OF AN 
InSb SINGLE CRYSTAL IN 2 N HC1-0. 002 M Fe2+ 
AT 25°C 
i ~· i E11' 2 (ma/cm2 )* (rna/em )* (rnv)** (mv)** 
2.83 X 10-2 68 2.83 X 10° 142 
5.66 75 4,25 157 
8.5 80 5.66 165 
1.13 X 10-1 83 7.1 171 
1.98 90 8.5 178 
2.83 96 9.92 182 
-4.25 104 1.13 X 10 185 
7.1 114 1.7 198 
1.13 X 10° 124 2.26 207 
1.7 131 2,83 215 
2.27 138 4.25 237 




ANODIC DISSOLUTION POTENTIAL OF THE In{lll} FACE OF AN 
InSb SINGLE CRYSTAL IN 2 N HCl-0.00125 M K3Fe(CN) 6 
AT 25°C 
i E1i' i Fif' 2 (ma/cm2 )* (rna/em )* (mv)** (mv)** 
1.13 X 10-2 62 1.13 X 10° 137 
2,83 65 1.56 147 
7.1 . 70 2.12 157 
1.13 X 10-l 76 2.83 166 
1.98 88 4,25 182 
2,83 95 5.66 193 
4.25 107 7.1 207 
5.66 115 8.5 218 
7.1 122 9.92 232 
8.5 128. 1.13 X 10 265 





ANODIC ;DISSOLUTION POTENTIAL OF THE Sb {III} FACE OF AN 
InSb SINGLE CRYSTAL IN 2 N HCl-0,00125 M KJFe(CN) 6 
AT 25°C 
i F1f' i ~· 2 (ma/cm2 )* (rna/em )* (mv)** (mv)** 
2,8) X 10-2 65 1.98 X 10° 1)8 
7.1 71 .. >2. 8) 149 
1.1) X 10-l 76 4.25 164 
1.98 84 5.66 178 
2.8) 90 7.1 196 
4,25 98 8.5 219 
5.66 105 9.92 246 
7.1 111 1.13 X 10 279 
1.,1) X 10° 122 




ANODIC DISSOLUTION POTENTIAL OF THE In {111} FACE OF AN 
InSb SINGLE CRYSTAL IN 2 N HC1-0,00125 M K4Fe(CN) 6 
AT 25°C 
i E • i ~· 
(ma/cm2 )i:-
H (ma/cm2 )-~ (mv)i"* (mv) i:·* 
1.13 X 10-2 72 5.66 X 10-1 205 
2.83 81 7.1 210 
5.66 87 8.5 216 
8.5 91 1.13 X 10° 229 
1.13 X 10-1 96 1.7 261 
1. 98 105 2.27 281 
2,83 113 2.83 305 
4.25 136 3· 54 326 




ANODIC PISSOLUTION POTENTIAL OF THE Sb{11U FACH OF AN 
InSb SINGLE CRYSTAL IN 2 N HC1-~,00125 M K4Fe(CN) 6 
















1,1J )( 10° 
1,42 
2,8J 


















ANODIC DISSOLUTION POTENTIAL OF THE In{111} FACE OF AN 
InSb SINGLE CRYSTAL IN 2 N HC1 AT 35°C 
i 
(ma/cm2 )* 
2. 83 )( 10-2 
5.66 
8.5 



























































ANODIC DISSOLUTION POTENTIAL OF THE In{lll} FACE OF AN 
InSb SINGLE CRYSTAL IN 2 N HCl AT 45°C 
i Fif' i Fif· (ma/cm2 )* 2 (mv)** (rna/em )* {mv)** 
8.5 x ~ (l.'o•J 21 2.12 X 10° 136 
1, 42 ){ 10-2 25 J,4 143 
2.8) 32 7.1 149 
5.66 44 9.9 163 
8.5 53 1.56 ')(, 10 180 
1,42 X 10-l 6J 2,12 191 
2,26 76 }.4 213 
4.25 91 ).97 217 
7~1 104 4.53 219 
l,lJ .X 10° 119 




ANODIC DISSOLUTION POTENTIAL OF THE SbUll} FACE OF AN 
InSb SINGLE CRYSTAL IN 2 N HC1 AT 35°C 
i E1i' i E1f' 2 2 (rna/em )* (mv)** (rna/em )* (mv)** 
1.13 X 10-2 42 7.1 X lo-1 108 
1.98 46 8.5 110 
2.83 50 1.13 X 10° 117 
4.25 55 1.7 125 
5.66 59 2.26 133 
7.08 63 2.8)' 139 
8.5 64 3.4 141 
9·9 66 5.1 151 
1.42 X 10-l 73 8.5 160 
1.98 80 1.42 X 10 169 
2.55 86 2.12 178 
3·4 92 4.25 194 
4.53 97 5.66 200 
s.66 102 





ANODIC DISSOLUTION POTENTIAL OF THE Sb {11.1} FACE OF AN 
InSb SINGLE CRYSTAL IN 2 N HC1 AT 45°C 
4.25 X 10-3 
5.66 
8.5 

























5.66 X 10-1 
8.5 

























































2 (rna/em )* 






































ANODIC DISSOLUTION POTENTIAL OF METALLIC ANTir,10NY IN 2 N HCl 
AT 25°C 
i 111' 2 (rna/em )* (mv)** 
6.1 X 10-3 104 













2 (rna/em )-~ 
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